Introduction
Kraft lignin (KL) is a waste byproduct formed during alkaline sulfide treatment of lignocelluloses in pulp and paper industries [6, 13] . KL and its derivatives, as major coloring and polluting constituents, contribute almost 90-95% of the total pollution load to alkaline pulp and paper mill effluent [5, 8] . If KL-containing effluents are not treated properly, they will cause serious environmental pollution. Hence, it is urgent to develop appropriate treatment methods that decrease the KL impact in effluents. However, KL and its derivatives are complex and composed of chemically heterogeneous polymers that are recalcitrant to biological and chemical degradation [19] . Various physical and chemical treatment methods such as physical coagulation, ultrasound, acid precipitation, and ozonation, have been reported for the degradation and detoxification of KL-containing wastewater [6] . Unfortunately, these methods are less desirable than biological treatment from an environmentally friendly and economic standpoint [38] . Among lignin biodegradation studies, white-rot and brown-rot fungi have been well-documented for their powerful enzymatic systems [36] . The stability of fungi, however, is not good during practical treatment under extreme environmental and substrate conditions, such as higher pH, oxygen limitation, and high lignin concentrations [1, 3] . Therefore, bacteria have attracted increasing attention for their productivity and versatile environmental fitness in recent years. Previously reported lignin-degrading bacteria have been mainly isolated from soil (such as Bacillus pumilus and Bacillus atrophaeus) [19] , sludge of pulp and paper mill (such as Bacillus sp., Aneurinibacillus aneurinilyticus, Citrobacter freundii, and Citrobacter sp.) [26] [27] [28] [29] , the guts of wood-feeding insects (such as Actinomycetes, Alpha-proteobacteria, and Gamma-proteobacteria) [2, 19] , and the steeping fluid of erosive bamboo slips (such as Novosphingobium sp. B-7, Pandoraea sp. B-6, Comamonas sp. B-9 and Acinetobacter sp. B-2) [8, 9, 31] . Whereas most of these bacteria are aerobic, pulp and paper industrial wastewater treatment for high organic loads is primarily anaerobic, necessitating the evaluation of anaerobic KL degraders. Anaerobic biotechnological processes have competitive advantages over aerobic ones, such as lower energy consumption for unnecessary oxygen demand, less sludge production, and biofuel regeneration. Although the biodegradation effectiveness of some organics by anaerobic bacteria is poorer than that by aerobes, bacteria concentration enhancement through anaerobic sludge granulation could overcome this drawback. An additional reason to study anaerobic processes is that KL is of great interest as a starting material for second-generation biofuel production through fermentation [19] .
The present work investigated anaerobic bacteria capable of degrading KL. A potential novel anaerobic KL-degrading bacterial strain, Dysgonomonas sp. WJDL-Y1, was isolated from the sludge of a pulp and paper mill. Environmental parameters for strain WJDL-Y1 to degrade KL were optimized through a statistical technique of response surface methodology (RSM). Furthermore, its ability to degrade KL to simple metabolites was evaluated by COD, UV 2 8 0 , SEM, FTIR, and GC-MS analyses.
Materials and Methods

Inocula and Basal Medium
The inoculum was as same as our previous publication [12] . The volatile suspended solids of the sludge was 3.84% (based on wet weight).
The basal mineral medium amended with KL (KL-MM) contained the following (in g/l): KL, 
Bacteria Isolation and Identification
Bacteria isolation and identification techniques were conducted following the method described in a previous study [12] . According to KL-MM degradation based on COD decrease, the purified WJDL-Y1 colony was separated as a KL degrader and stored as inoculum for further evaluation of its KL degradation. Through 16S rRNA gene sequencing and aligning with other bacterial species in the GenBank database, the bacterial species was identified. By using the neighbor-joining method with MEGA 5.0 software, a phylogenetic tree was drawn.
Biodegradation and Optimization
Using the same optimization method as in our previous publication [10] , the experiment was designed by RSM adopting the Box-Behnken design (BBD). Temperature (A), initial pH (B), and C:N ratio (C) were selected as independent variables, fluctuating at three levels. Based on the results of preliminary experiments, the values of the variables and their variation limits were confirmed. The COD removal rate (Y) was selected as the dependent variable (response). Seventeen experimental points with five central replications were conducted (Table S1 ). Data were analyzed by the software Design-Expert 8.0.5 to obtain polynomial regression equations and the variance (ANOVA).
Biodegradation assays were carried out in glass serum flasks (250 ml) containing 100 ml of KL-MM. The difference of C:N ratios was realized by adjusting the NH 4 Cl concentrations in the KL-MM. Three milliliters of the inoculum (about 1.0 × 10 6 CFU/ ml) of the pure strain WJDL-Y1 was inoculated in each flask. In order to create the anaerobic condition, a butyl rubber stopper and an aluminum crimp cap were used to seal each flask, and then we purged N 2 to the culture medium and the headspace for 5 min. Finally, the flasks were put in a shaking (100 rpm) incubator for 6 days under different experimental conditions (Table S1 ). COD reduction of the samples was measured after the incubation.
Finally, an additional biodegradation test under the optimal conditions was carried out to verify the results estimated by the RSM equation and also to analyze the degradation metabolites.
Analytical Methods
The bacterial biomass was quantified with an optical density at 600 nm (OD ) by a UV-vis spectrophotometer (TU-1801; Beijing Persee General Instrument Co., Ltd., China) with KL-MM as the blank. Biomass was removed by being centrifuged at 5,000 ×g for 30 min, and then COD and UV 2 8 0 (the characteristic absorption peak for lignin) were measured to evaluate lignin removal. COD was measured using the dichromate method (APHA 2005, USA). UV 2 8 0 was monitored by an UV-Vis spectrophotometer (Agilent 8453; Agilent, USA). The pH was determined with a digital pH meter (PB-10; Beijing Sartorius, China).
Cell-free supernatants of the untreated and the treated samples were freeze-dried. Then, the dried powder samples were examined by field-emission scanning electron microscopy (FE-SEM; JEOL, JSM-6700F, Japan) and Fourier-transform infrared spectroscopy (Bruker Tensor 37 FTIR; Bruker, Germany).
Lignin biodegradation metabolites were identified by gas chromatography coupled to mass spectrometry (GC-MS) (Agilent Technologies, Inc., USA). The procedure of the analysis was according to the method described in a previous study [12] .
Results and Discussion
Isolation and Identification of a Bacterial Strain
The strain WJDL-Y1 was identified by molecular genetic analyses. The 16S rRNA gene sequences were analyzed by BLAST using the GenBank database of the National Center for Biotechnology Information. Strain WJDL-Y1 was found to closely match the species Dysgonomonas sp. (Fig. 1) .
The sequence data of strain WJDL-Y1 gave 99% homology with Dysgonomonas mossii (Accession No. ADLW01000023). Therefore, strain WJDL-Y1 was designated as Dysgonomonas sp. WJDL-Y1 (Accession No. KF176996). According to relative references [22, 25, 40] , Dysgonomonas sp. belongs to the Bacteroidetes class. Within the same class, our group isolated an aerobic lignin-degrading strain Sphingobacterium sp. HY-H [35] that had been reported to degrade lignin by others [33] .
Several reports mentioned strains belonging to Dysgonomonas that have been found in microbial electrolysis cells [20, 22, 25, 39, 40] . They were detected in the anode chamber, degrading organic matter to produce volatile fatty acids. A few reports [14, 18, 24, 30, 34] indicated some of these strains were found in the process of denitrification and sulfate reduction. Previous studies also found that the bacteria of Dysgonomonas genus exhibited biodegradation activity on a various range of substrates, such as wheatstraw [39] , alginate, Acid Red B dye [21] , compounds in drug production [22] , starch [25] , and acetate [40] . To the best of our knowledge, the ligninolytic activity of Dysgonomonas has not been reported.
Biodegradation Optimization
Analysis of variance. BBD of RSM was employed to optimize the biodegradation conditions of KL by strain WJDL-Y1. Random sequences were performed in the experiments to minimize the effects of uncontrolled factors [23] . Based on the experimental results (Table S1 ), a quadratic function of the COD removal rate (Y) changing with temperature (A), initial pH (B), and C:N ratio (C) was achieved as shown in Eq. (1).
The results of the Fisher test (i.e., F-test) and ANOVA for the quadratic model's statistical importance evaluation are in Table 1 . It shows that the model was significant to predict the response values, with p-values less than 0.0001. Model and term p-values <0.05 indicate the model is significant for 95% confidence intervals [17, 32] . The pvalue for the "lack of fit" test was larger than 0.05 and the value of adequate precision was larger than 4, suggesting the model is desirable [37] . An adequate precision of 25.583 for Y indicates the adequacy of the model. The predicted value of the determination coefficient (R 2 = 0.9907) indicated that 99.07% of the total variation could be explained by the model. In addition, the difference of 0.2 between the predicted R 2 and the adjusted R 2 also confirmed the high significance of the model .
Effect of parameters on COD removal rate. A perturbation plot (Fig. 2) describes the response variation with one independent variable over the experimental range while other independent variables are fixed at a central point [17] . A sharper factor curvature indicates a more important effect on the response. According to Fig. 2 , the initial pH showed more significant effects on the COD removal rate (Curve B) than temperature and C:N ratio did. It is in accordance with the values of coefficients of variables in the model (Eq. (1)), in which both the linear and quadratic effects of initial pH (Curve B) make more contribution to COD removal rate than the other effects do.
With one variable at its optimum level (temperature: 32.5°C; initial pH: 6.5; C:N ratio: 5.5) and the other two variables fluctuating across the experimental range, 3D response surfaces and two-dimensional contour lines based on the model were obtained (Fig. 3) . According to Fig. 3A , the COD removal rate initially increased and then declined with the enhancement of temperature and initial pH. The COD removal rate peaked at the middle range of temperature and a high C:N ratio (Fig. 3B) . As illustrated in Fig. 3B , the maximum COD removal was reached in the high range of C:N ratio and initial pH. According to the contour lines in Fig. 3 , there are significant interactions between each two of the three parameters. The effects of these three parameters on COD removal can be ranked in an order of C:N ratio > pH > temperature. That means C:N ratio serves as an important indicator to control the biodegradation of KL by strain WJDL-Y1. It also confirms that the initial pH is also an important factor for KL biodegradation [8] .
Optimization parameters. In this study, all factors were optimized "within the predetermined range" to maximize the COD removal rate through the analysis of Expert 8.0.5 software. The temperature of 31.5°C, initial pH of 6.8, and C:N ratio of 6.5 were determined as the optimum variables, and the maximum predicted COD removal rate was 21.6%. The predicted value was in a good agreement with the verification experiment result of 20.8% under the predicted optimum conditions. It indicate that the quadratic model developed by BBD is reliable.
KL Biodegradation and Its Metabolite Analysis
Bacterial growth and KL biodegradation. During the first 3 days of the optimal incubation, remarkable bacterial growth concurred and a significant COD and UV was observed (Fig. 4) . Then, COD removal and UV decrease rate peaked at 28.1% after 6 days of incubation. KL as the sole carbon source in the medium contributed to almost the entire COD load. Furthermore, the characteristic absorption peak value of lignin was found at 280 nm. Hence, KL degradation can be reflected by the reduction of COD and UV 2 8 0 . The breakdown and degradation of lignin by bacteria have attracted evergrowing interests in recently published studies [2] . A range of bacteria have been proved to break down lignin. Raj et al. [7, [26] [27] [28] [29] isolated several lignindegrading bacteria from sludge of a pulp and paper mill, such as Bacillus sp., Aneurinibacillus aneurinilyticu, and Paenibacillus sp. These bacteria have been reported to degrade KL (500 mg/l) by 32-43% after 6 days of incubation under the conditions of pH 7.6, temperature around 30°C, and shaking at 120 rpm. However, these bacteria need lowmolecular-weight compound such as glucose or peptone as co-substrate. Chai et al. [4, 8, 9, 31, 41] published several articles to discuss new lignin-degrading bacteria Novosphingobium sp. B-7, Pandoraea sp. B-6, Comamonas sp. B-9, and Acinetobacter sp. B-2. These strains were isolated from eroded bamboo slips. When these strains used KL with initial concentration of 3.0 g/l as the sole source of carbon and energy, the COD removal rate of KL ranged from 32% to 38% after 7 days of incubation under the conditions of pH 7.0, temperature at 30°C, and shaking at 120 rpm.
However, all the aforementioned strains were aerobic bacteria. Recently, two anaerobic strains named Bacillus pumilus and Bacillus atrophaeus were isolated from rainforest soils for their high laccase activity. Bacillus pumilus and Bacillus atrophaeus were confirmed with the ability to degrade KL (1 g/l), with removal rate of 27.5% and 35.1%, respectively, after 7 days of treatment under the conditions of pH 7.0, temperature of 28°C, and shaking at 120 rpm [19] . Compared with these strains, strain WJDL-Y1 exhibited faster growth (3 days) with KL (1.2 g/l) as a sole carbon source and energy source. Thus, it is meaningful to evaluate the industrial application potential of strain WJDL-Y1.
Lignin and its degradation metabolites. To further verify KL biodegradation by strain WJDL-Y1, metabolic products were analyzed by FTIR, SEM, and GC-MS.
The FTIR spectra of KL samples before and after degradation by strain WJDL-Y1 are shown in Fig. 5 . In general, the patterns of the peaks in the spectra were similar, except for some changes in peak intensities. Peaks around 3,400/cm corresponding to the band of O-H increased after biodegradation, implying the hydroxyl units in lignin were oxidized to alcohols or acids. Both the peaks around 1,600/cm, ascribed to the aromatic skeletal vibration of the phenylpropane unit, and the peaks around 2,900/cm, corresponding to a methyl unit, showed a minor decease in peak intensities, indicating the cleavage of the aromatic ring and demethylation during the degradation process of KL by strain WJDL-Y1. Scanning electron microscopy analysis of the surface morphology of KL before and after being treated by strain WJDL-Y1 is shown in Fig. 6 . The untreated KL was spherical with a smooth surface, and the diameter varied from 40 to 120 µm (Fig. 6A) . The surface of the treated KL was rough and full of loose and small pieces of broken fragments as shown in Fig. 6B (×20,000) . These structure changes confirmed the degradation of KL by strain WJDL-Y1.
The main identified compounds by GC-MS are listed in Table 2 . As in our previous article, some low-molecularweight (LMW) aromatic compounds (i.e., guaiacol, phydroxybenzaldehyde, vanillin, vanillic acid, vanillic alcohol, p-hydroxybenzoic acid, syringaldehyde, acetosyringone, and syringic acid) and certain high-molecular-weight fatty acids (i.e., hexadecanoic acid and octadecanoic acid) were detected in the control sample. These compounds may result from the KL degradation and bacterial cells.
After being inoculated with strain WJDL-Y1 for several days, more compounds were identified in the sample than before. Some LMW aromatic compounds deriving from phenol units of lignin, including hydrocinnamic acid, vanillic acid, p-hydroxyphenylpropanoic acid, syringic acid, and ferulic acid, were detected after incubation [11] . These metabolites were created by natural lignin polymer units, including the radical polymerization of guaiacyl (G) units from precursor coniferyl alcohol, syringyl (S) units from precursor sinapyl alcohol, and p-hydroxyphenyl (H) units from precursor p-coumaryl alcohol [2, 5, 12] . Among these compounds, hydrocinnamic acid, p-hydroxyphenylpropanoic acid, and ferulic acid were new intermediate metabolites. Many LMW acids (i.e., propanoic acid, lactic acid, glycolic acid, butane diacid, dimethyl succinic acid, and 4-hydroxypentenoic acid) and phenols (i.e., phenol, benzenediol) were also detected as new intermediate products in the inoculated sample. It is interesting to note that ethanol, anillic alcohol, and vanillin were detected in all samples before and after biodegradation. Ethylvanillin, acetosyringone, and p-hydroxybenzaldehyde could not be detected after incubation. Consistent with other studies [15, 16, 27, 42] , lignin degradation generated more acid-type compounds than aldehyde and ketone-type molecules. Specifically, ferulic acid and vanillic acid were detected in the extract of the KL degradation products in this research, which means that strain WJDL-Y1 has application potential in the food additive and preservative production areas.
In conclusion, Dysgonomonas sp. strain WJDL-Y1, as a new anaerobic lignin-degrader, was isolated from the sludge of a pulp and paper mill. Strain WJDL-Y1 has application potential not only in the treatment of wastewater with plenty of lignin-related contaminants but also in producing biofuel and chemicals from lignin-related materials.
